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Background: Phosphatidylinositides in the plasma membrane (PM) are pivotal for cellular functions. 
Results: Superresolution imaging reveals homogeneous distribution of P1(4,5)P., PI4P, and P1(3,4,5)P. in the major area of the 


PM. 


Conclusion: Phosphatidylinositides detected by PH domains are uniformly distributed in the major regions of the PM, with 
limited concentration gradients. 
Significance: This result may imply a new working model of phosphatidylinositides at nanometer scale. 


Both phosphatidylinositol 4-phosphate (PI4P) and phos- 
phatidylinositol 4,5-bisphosphate (P1(4,5)P,) are independent 
plasma membrane (PM) determinant lipids that are essential for 
multiple cellular functions. However, their nanoscale spatial 
organization in the PM remains elusive. Using single-molecule 
superresolution microscopy and new photoactivatable fluores- 
cence probes on the basis of pleckstrin homology domains that 
specifically recognize phosphatidylinositides in insulin-secret- 
ing INS-1 cells, we report that the PI(4,5)P, probes exhibited a 
remarkably uniform distribution in the major regions of the PM, 
with some sparse PI(4,5)P,-enriched membrane patches/do- 
mains of diverse sizes (383 + 14 nm on average). Quantitative 
analysis revealed a modest concentration gradient that was 
much less steep than previously thought, and no densely packed 
PI(4,5)P, nanodomains were observed. Live-cell superresolu- 
tion imaging further demonstrated the dynamic structural 
changes of those domains in the flat PM and membrane protru- 
sions. PI4P and phosphatidylinositol (3,4,5)-trisphosphate 
(PI(3,4,5)P;) showed similar spatial distributions as PI(4,5)P.. 
These data reveal the nanoscale landscape of key inositol phos- 
pholipids in the native PM and imply a framework for local cel- 
lular signaling and lipid-protein interactions at a nanometer 
scale. 


The plasma membrane of eukaryotic cells is composed of 
proteins and lipids in a complex topographic organization. 
Mounting evidence suggests that protein clusters or macropro- 
tein complexes in a diversely confined area (1, 2) facilitate the 


efficiency, fidelity, and specificity of cellular signaling in time 
and space. A typical example is syntaxinl1A, a key membrane 
protein that participates in membrane fusion and forms multi- 
ple dense clusters in the PM? (3-5). Likewise, lipid rafts have 
been proposed as signaling platforms in the PM by forming 
nanoscale complexes that contain highly concentrated choles- 
terol, sphingolipid, and other proteins (6). However, whether a 
similar organization applies to phosphoinositides (PIs) in the 
PM is not clear. 

Despite comprising only a small fraction of cellular phospho- 
lipids, PIs play essential roles in cell physiology. They consist of 
a family of seven polyphosphoinositides derived from reversible 
phosphorylation of the inositol ring at positions 3, 4, and/or 5 
via distinct PI kinases and phosphatases (7, 8). Their different 
subcellular distribution and fast dynamic equilibrium facilitate 
their diverse functions. PI(4,5)P, predominantly locates in the 
inner leaflet of the PM and participates in a variety of cellular 
processes (7, 9), including signaling transduction, actin dynam- 
ics, membrane trafficking, and ion channel modulation. It is 
mainly produced through phosphorylation of PI4P at the 5 
position by PI4P 5 kinases, and it can also be converted into 
other PIs or second messengers such as inositol 1,4,5-triphos- 
phate and diacylglycerol by phospholipase C (PLC) (10). PI4P 
synthesized by PI4KIIla in the PM (11, 12) is critical for PM 
identity in addition to its role as the precursor for PI(4,5)P. and 
other inositol phospholipids. Depletion of PI4P in the PM inter- 
rupts membrane protein functions and proper PM subcellular 
localization (12, 13). PI(3,4,5)P, levels in the PM are much 
lower than PI(4,5)P., levels, and they play important roles in 
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? The abbreviations used are: PM, plasma membrane; PI, phosphoinositide; 
PLC, phospholipase C; PH, pleckstrin homology; FP, fluorescent protein; 
PALM, photoactivated localization microscopy; dSTORM, direct stochastic 
optical reconstruction microscopy; PFA, paraformaldehyde; NA, numerical 
aperture; FWHM, full width at half-maximum; AF647, Alexa Fluor 647; PI4P, 
phosphatidylinositol 4-phosphate; PI(4,5)P>, phosphatidylinositol 4,5-bis- 
phosphate; P1I(3,4,5)P3, phosphatidylinositol (3,4,5)-trisphosphate. 
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actin dynamics, phagocytosis, and hormone secretion (14, 15). 
Therefore, it is crucial to understand how these phosphoi- 
nositides in the PM are organized spatially to serve their diverse 
functions. 

PI(4,5)P. directly interacts with proteins through multiple 
structured domains, such as the pleckstrin homology (PH) 
domain and other domains, including ENTH (epsin N-terminal 
homology)/ANTH (AP180 N-terminal homology), FERM 
(band four-point-one ezrin radixin moesin homology do- 
mains), FYVE (Fab1, YGLO23, Vps27, and EEA1), PX (phox), 
and TARF (TMV-associated RING finger) domains (16). It 
plays a critical role as a recruiter or cofactor for protein mem- 
brane targeting. The negative charges of PI(4,5)P, (—3 to —5) 
also promote its interactions with proteins containing polyba- 
sic stretches of amino acids such as myristoylated alanine-rich 
C kinase substrate and GAP43 (17, 18). The discovery of the PH 
domain of PLC61 as a high-affinity PI(4,5)P. biosensor ( Ky = 2 
uM) (19) allows the direct visualization of PI(4,5)P., subcellular 
distribution and dynamics in live cells. PHpy csı domain-based 
fluorescent proteins (FPs), together with PI(4,5)P,-specific 
antibodies, have revealed very diverse, yet sometimes contro- 
versial, organization patterns of PI(4,5)P,, ranging from uni- 
form distribution (20-22) to large patches (23, 24) to small, 
dense puncta (24 —28), depending on cell type and experimental 
conditions. 

At a nanometer scale, the spatial organization of PI(4,5)P, in 
the PM remains poorly understood, largely because of the lack 
of methods for precisely characterizing this at nanometer res- 
olution as well as the rapid equilibrium among the seven PIs in 
live cells. Conventional light microscopy is limited by diffrac- 
tion to a spatial resolution of over 200 nm. EM provides a much 
higher spatial resolution but usually requires harsh sample pro- 
cessing, which often distorts normal P1(4,5)P, organization and 
introduces artifacts (29). FRET cannot be used to interrogate 
protein organization over distances of more than ~10 nm. New 
techniques in superresolution optical imaging provide promis- 
ing tools for this question. A recent study (30), using stimulated 
emission depletion (STED) microscopy (31), revealed abundant 
dense PI(4,5)P. clusters (~73 nm in diameter) in the PM sheets 
of PC-12 cells. This study reasoned that very high local concen- 
trations of PI(4,5)P, molecules in those nanodomains are 
required for syntaxin1A clustering through ionic protein-lipid 
interactions, although weak syntaxin1A self-association also 
produces syntaxin1A clustering (5). However, those abundant, 
dense PI(4,5)P, nanodomains have not been observed using 
rapid freezing EM (29, 32), an approach that preserves the 
intact PM structure of live cells. In addition, the nanoscale orga- 
nization of PI(4,5)P, and PI4P in live cells is unknown so far, 
and it remains unclear whether the conclusion from fixed cells 
in those studies can equally apply to live cells. 

Single-molecule localization microscopy accurately identi- 
fies the locations of individual molecules when they are photo- 
activated/converted at well separated locations and times. 
Therefore, it significantly improves the spatial resolution of 
light microscopy. This approach is promising to gain insights 
into the structure and function of macromembrane complexes 
in the PM. Single-molecule localization microscopy is given 
different names on the basis of the same principle, with slightly 
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different imaging methods, such as photoactivated localization 
microscopy (PALM) (33), fluorescence photoactivation local- 
ization microscopy (34), stochastic optical reconstruction 
microscopy (35, 36), ground state depletion microscopy fol- 
lowed by individual molecule return (37), and direct stochastic 
optical reconstruction microscopy (dSTORM) (38). Of these 
methods, PALM uses photoactivatable FPs and has the advan- 
tages of high labeling specificity and density by genetically tag- 
ging photoactivatable FPs to any protein of interest (33, 
39—44). 

Insulin secretion from pancreatic B cells plays a critical role 
in plasma glucose homeostasis. Inositol lipid signaling contrib- 
utes to diabetes development by regulating insulin secretion 
and its receptor signaling. Perturbations of different enzymes 
that regulate PI4P (45), PI(4,5)P, (45, 46), and PI(3,4,5)P. (47, 
48) strongly affect insulin secretion. For example, inositol 
5-phosphatase SH2 domain-containing inositol 5-phosphatase 
2 (SHIP2) (49) and 3-phosphatase phosphatase and tensin ho- 
mologue on chromosome 10 (PTEN) (50) tightly regulate insu- 
lin signal transduction and have been considered potential drug 
targets for diabetes treatment. Using insulin-secreting INS-1 
cells as a model and combining single-molecule superresolu- 
tion microscopy, we visualized the nanoscale organization of 
PI(4,5)P. and two other key phosphoinositides in the PM. Sur- 
prisingly, PALM imaging uncovers a rather homogeneous 
PI(4,5)P., distribution in the major areas of the PM in both fixed 
and live cells, and some areas with slightly higher PI(4,5)P, con- 
centration are sparsely distributed in the PM and cell periphery. 
These PI(4,5)P,-enriched membrane patches/domains have 
variable sizes and diverse shapes. PI4P and PI(3,4,5)P, had sim- 
ilar uniform patterns in the PM as PI(4,5)P., despite their differ- 
ent abundance. This study reveals a detailed nanoscale land- 
scape of key signaling inositol lipids in the native plasma 
membrane, implying a new working model for local lipid sig- 
naling and lipid-protein interactions in the PM, a complex envi- 
ronment of live cells. 


Materials and Methods 


INS-1 Cell Culture, DNA Constructs, and Molecular Clon- 
ing—Insulin-secreting INS-1 832/13 cells (passages 50-65, 
from Dr. Christopher B. Newgard, Duke University) (51) were 
cultured at 37 °C in a 5% CO, humidified incubator with RPMI 
1640 culture medium (Cellgro) containing 11.1 mm glucose, 10 
mM HEPES, 10 mm glutamine, 10 mm sodium pyruvate, 50 uM 
B-mercaptoethanol (all from Sigma), and 10% FBS (Atlanta 
Biological). The cells were seeded on round coverslips (#1.5, 18 
mm, Warner Instruments) precoated with 30 ug/ml fibronec- 
tin (Millipore) for 24 h and then transfected with different plas- 
mids using Lipofectamine 3000 (Life Technologies). All exper- 
iments were performed 48 h after transfection. 

Multiple single-molecule localization probes that targeted to 
syntaxin1A and different PH domains were generated by PCR. 
PH domain plasmids of near-infrared fluorescent protein (iRFP)- 
PHpr.car» EGEP-PHosn» EGEP-PHogpp, and mCherry-PH pp} 
were gifts from Dr. Pietro De Camilli (Yale). PAmCherry1 and 
mEos3.1 were PCR-amplified to replace the enhanced GFP 
(EGFP) in C1 and N1 cloning vectors (Clontech) with Agel and 
BglII and Agel and Notl, respectively. iRFP was PCR-amplified 
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and inserted before PAmCherry1 with Nhel and Agel to make 
the iRFP-PAmCherryl1-Cl vector. The PHp;¢51, PHo<n2, and 
PHepp; domains were then PCR-amplified and inserted after 
the iRFP-PAmCherryl or mEos3.1 vector with BglII and 
BamHI to generate the new PALM probes iRFP-PAmCherry1- 
PHpi cav IREP-PAmCherryl-PH p» iREP-PAmCherry1-PHopp1) 
and mEos3.1-PHpLcsı; peGFP(N1)-deltaCMV-rSyntaxinla- 
meGFP (3) was from Dr. Wolfhard Almers (Addgene, plasmid 
34631). rSyntaxinla-meGFP was PCR-amplified and replaced 
EGFP in the N1 vector with flanking Xhol and NotI, and then 
PAmCherry1 was amplified and inserted before rSyntaxinla 
with Nhel and Agel to create PAmCherry1-syntaxin1A-EGFP. 
deltaCMV-iRFP-PAmCherry1 and deltaCMV-mEos3.1 were 
generated by amplifying iRFP-PAmCherryl and mEos3.1 
flanked by Nhel and NotI to replace rSyntaxinla-meGFP in the 
deltaCMV-rsyntaxinla-mEGFP plasmid. 

Membrane Sheet Generation and Immunofluorescence 
Staining—PM membrane sheet preparation was adapted from 
previous studies (52, 53) with minor modifications. Clean cov- 
erslips were coated with 500 ug/ml poly-p-lysine for 1 h before 
experiments, and then they were placed on a prechilled (4 °C) 
metal plate for later use. INS-1 cells growing on coverslips were 
washed three times with ice-cold PBS buffer containing 1 mm 
EGTA and then excessive buffer was drained off with tissue 
paper at the edge of the coverslips. All subsequent steps were 
performed at 4°C in a cold room, and all the buffers were 
prechilled unless specified otherwise. The coverslips with cells 
were placed face-down and put onto poly-p-lysine-coated sides 
of empty coverslips for 7 min. Then the flat PM sheets on the 
poly-p-lysine-coated coverslips were peeled off with tweezers, 
washed gently with ice-cold PBS immediately, and fixed with 
ice-cold 4% paraformaldehyde (PFA) + 0.2% glutaraldehyde for 
15 min. 

Phospholipid immunostaining was performed as described 
previously (22) with minor modifications. Coverslips with fixed 
PM sheets were washed three times (7 min each time) with 
ice-cold PBS containing 50 mm NH, Cl and quenched with 0.1% 
sodium borohydride in PBS for 7 min, followed by a wash with 
PBS (without 50 mm NH,Cl). Membrane sheets were then 
blocked for 45 min with PBS solution containing 5% (v/v) nor- 
mal goat serum, 5% (v/v) BSA, and 50 mm NH, Cl and incubated 
with the primary PI(4,5)P, antibody (catalog no. sc-53412, 
Santa Cruz Biotechnology, 1:300 dilution) in blocking solution 
for 1 h. After washing three times (10 min each time) with PBS 
containing 50 mm NH,Cl, samples were incubated with sec- 
ondary F(ab’), goat anti-mouse Alexa Fluor 647 (catalog no. 
A-21237, Invitrogen, 1:300) in blocking buffer for 1 h and 
washed three times, followed by postfixation with 4% PFA + 
0.2% glutaraldehyde for 15 min. Finally, the samples were 
washed three times (7 min each time) and stored in PBS at 4 °C 
before imaging. Tubulin immunostaining was performed ac- 
cording to a previous study (54). 

To evaluate the optical properties of probes at single-mole- 
cule levels, different approaches were used. For deltaCMV- 
driven (4) iRFP-PAmCherryl and mEos3.1 single-molecule 
experiments, transfected COS-7 cells grew for 48 h and were 
fixed with 4% PFA + 0.2% glutaraldehyde at room temperature. 
For Alexa Fluor 647 single-molecule tests, coverslips precoated 
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with poly-p-lysine were incubated with diluted AF647 mole- 
cules in PBS for 15 min to allow the Alexa Fluor 647 molecules 
to settle down on the coverslips. The samples were washed 
three times with PBS afterward, incubated with dSTORM 
buffer, and imaged. 

Spinning Disk Confocal and Total Internal Reflection Fluores- 
cence (TIRF) Imaging—Fluorescence imaging was performed 
with a Nikon Ti-E Eclipse inverted microscope-based imaging 
system under the control of NIS-Elements AR software. The 
system was equipped with Ti-ND6-PFS Perfect Focus and mul- 
tiple objectives (CFI Plan Fluor X4; NA 0.13, WD 17.2 mm; CFI 
Plan APO A X20, NA 0.75, WD 1.00 mm; Plan APO VC X60 oil, 
NA 1.4, WD 0.13 mm; and APO X100 oil, NA 1.49, WD 0.12 
mm), a spinning disk (CSU X-1, 10,000 rpm, Yokogawa), a Ti- 
TIRF motorized illuminator unit, and an Agilent MLC400 
high-power monolithic laser combiner SP with 405-, 488-, 561-, 
and 642-nm lasers. The EMCCD (iXon X3 DU897, Andor) and 
Neo-sCMOS cameras (Andor, 6.5 X 6.5 wm pixel size) were 
installed at the left and right imaging ports of the microscope to 
acquire confocal and TIRF microscopy images, respectively. 

For live-cell TIRF imaging of phosphoinositides, INS-1 cells 
were preincubated with extracellular buffer (ES) containing 135 
mM NaCl, 5.6 mm KCI, 2.6 mm CaCl,, 1.2 mm MgCl,, 3 mm 
glucose, and 20 mm HEPES (pH adjusted to 7.3 with NaOH) for 
30 min at 37 °C, and then the cells were imaged in a tempera- 
ture-controlled chamber (35 °C) with continuous buffer perfu- 
sion. Cell stimulation was applied through the perfusion of dif- 
ferent buffers as indicated. High-glucose buffer included 28 mm 
glucose in the ES, and 60 mm high K* solution contained 80.6 
mM NaCl, 60 mm KCI, 2.6 mm CaCl,, 1.2 mm MgCl, 3 mm 
glucose, and 20 mm HEPES. Images were acquired at a narrow 
TIRF illumination angle with 500-ms exposure time at a 6-s 
interval with 2 X 2 binning. Fluorescence analysis and quanti- 
fication for TIRF imaging were performed using NIS-Elements 
AR (Nikon). Briefly, regions of an ~3—5-ym-wide square 
within individual cells were analyzed. Fluorescence intensity 
was background-subtracted by the intensity of an empty area 
adjacent to the cell and normalized to its baseline before stim- 
ulation. The peak changes in Fig. 6 were normalized to their 
baseline fluorescence intensity in each cell. All data are pre- 
sented as mean + S.E. Comparison was evaluated statistically 
by two-tailed Student’s ¢ test, and the significance level of dif- 
ference are denoted by asterisks (*, p < 0.05; **, p < 0.01; ***, p < 
0.005). 

Single-molecule Point Localization Superresolution Imag- 
ing—Superresolution imaging was performed using Nikon-Ti 
Eclipse-based TIRF imaging system (X100 oil, 149 NA) as 
described above. Before imaging, diluted Tetraspeck beads 
(Invitrogen, 200-nm diameter, diluted in PBS containing an 
extra 50 mm MgCl.) were added to the imaging chamber and 
allowed to settle down for 10 min for offline drift correction, 
and then non-attached beads were washed away with PBS. 
Alexa Fluor 647 and PAmCherry1 were excited with 642- and 
561-nm lasers, respectively, and the emission light was col- 
lected through the 700/75- and 600/50-nm filters, respectively, 
by a Neo-sCMOS camera at 2 X 2 binning (effective pixel size, 
130 Xx 130 nm). The optimal density of individual fluorescence 
points was controlled by 405-nm laser intensity so that spatially 
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isolated individual points could be identified unambiguously in 
each frame. 

For dSTORM imaging, experiments were performed with 
imaging buffer containing 50 mm Tris-HCl, 10 mm NaCl, 10% 
glucose, 0.8 mg/ml glucose oxidase, 40 ug/ml catalase, and 10 
mM cysteamine (Sigma) (pH 8.0). Image collection started when 
the majority of fluorescent molecules was isolated spatially 
after initial strong bleaching with the full power of 642-nm 
laser. In total, ~30,000 images at 40 ms/frame were collected 
from individual cells. 

For PALM imaging of cells expressing various iRFP-PAmCherry1 
tagged to the PH domains or PAmCherry1-syntaxin1A-EGFP, cells 
were first identified by iRFP or EGFP to preserve the intact 
number of PAmCherryl molecules. PALM images were 
acquired at 40 ms/frame for mEos3.1 and 50 ms/frame for 
PAmCherry1 until no more fluorescent probes could be acti- 
vated. For imaging iRFP-PAmCherry1 probes without the PH 
domain in COS-7 cells, we imaged the cytosol space right above 
the PM by using slightly oblique rather than TIRF illumination. 
Because we used deltaCMV to drive the expression of iRFP- 
PAmCherry1, the expression levels of the probes were very low 
so that we could evaluate single molecular properties of the 
isolated individual probe in the cells. 

For live-cell PALM, Tetraspeck beads were added directly to 
the imaging chamber for ~10 min, and cells were imaged with 
continuous perfusion of extracellular buffer at 35°C. PALM 
images were acquired at 10 ms/frame for 5 min, and every 1000 
consecutive frames were pooled together as a single superreso- 
lution image (10 s/PALM frame). This high-speed acquisition 
may slightly overestimate the number and size of moving 
probes but should not affect the overall spatial distribution pat- 
tern of objects in each reconstructed frame (see Imaging Recon- 
struction below). 

Point Localization and Superresolution Image Analysis— 
Image stacks were processed and reconstructed in MATLAB as 
described previously (42, 55). Individual fluorescent points 
were identified by a wavelet transform algorithm (56, 57) and 
localized by the local maximum with a mask of 5 X 5 pixels. All 
fluorescent points detected in a 7 X 7 pixel area were fitted with 
a two-dimensional Gaussian using the MLE GPU algorithm 
(58) for precise molecular localization. Continuously detected 
points in the neighboring frames within a 65-nm distance (half- 
pixel width) were combined and fitted as a single molecule 
unless specified otherwise. For PALM imaging in fixed cells, 
fluorescent points detected within a 65-nm distance and a time 
window of 1.8 s for mEos3 (59) and 1.3 s for PAmCherry1 (60) 
were combined as the same single-molecule emission event to 
avoid overcounting because of photoblinking of the probes. In 
the case of PAmCherry1 (but not mESO3), such processes did 
not significantly affect PALM results, in good agreement with 
the negligible photoblinking of PAmCherry1 (60). For live-cell 
PALM, a small number of activated probes may dissociate from 
PI(4,5)P., in the PM and freely diffuse around before bleaching, 
which can cause oversampling. To account for this potential 
effect, single-molecule signals in the neighboring frames within 
130 nm, instead 65 nm, were combined into a single emission 
event. Minor position drift during acquisition was corrected 
with Tetraspeck beads for all experiments. 
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For dSTORM images, molecular clusters were analyzed with 
density-based spatial clustering of applications with noise anal- 
ysis (61) to group and sort cluster members. Within each clus- 
ter, the standard deviation of the coordinates of members were 
calculated (as o) and pooled together. For syntaxin1A clusters 
and PI(4,5)P, membrane patch analysis, syntaxinlA or PI(4, 
5)P, molecules with sparse distribution (noise-like) were 
removed with spatial filtering (62) at a density threshold of 
~4-5 molecules in a 75 X 75 nm area for syntaxin1A and 50 
molecules in a 350 X 350 nm area for PI(4,5)P,. Then images 
were applied with density-based spatial clustering of applica- 
tions with noise analysis, and o in each cluster/patch was cal- 
culated. For syntaxinlA clusters and PI(4,5)P.,-enriched 
patches, the size (in full width at half-maximum, FWHM) was 
calculated as 2.3550, and the diameter of P1(4,5)P., patches was 
calculated as 40. The molecule density of PI(4,5)P, patches 
was analyzed after identifying each membrane patch and calcu- 
lated by dividing the total molecule number in each patch by its 
area. Pair correlation analysis of syntaxinlA, PI(4,5)P., iRFP- 
PAmCherry1, and simulated images was conducted by choos- 
ing eight 2.5 X 2.5 um regions in the images and processed with 
a pair correlation code (63). In PI(4,5)P, images, only areas that 
did not contain obvious PI(4,5)P, patches were analyzed for 
pair correlation analysis. To analyze PI4P, PI(4,5)P,, and 
PI(3,4,5)P, membrane density in the uniform areas, five to 
seven 2.5 X 2.5 wm regions in each cell and ~10 cells in total for 
each probe (iRFP-PAmCherryl-PH labeled PI4P, PI1(4,5)P., 
and PI(3,4,5)P.) were analyzed to obtain their mean density. 


Results 


Assessment of the Single-molecule Localization Superresolu- 
tion Approach—We estimated the spatial resolution of our 
single-molecule localization approach in our superresolution 
imaging system by using microtubules whose ultrastructure has 
been well characterized. Fig. 1, a—d, shows microtubule 
images under TIRF and dSTORM from the same COS-7 cell 
immunostained with Alexa Fluor 647 (AF647)-conjugated sec- 
ondary antibody, demonstrating a significant improvement in 
the spatial resolution of the dSTORM image over its TIRF 
image. The pixelated complex microtubule structures in the 
TIRF image were clearly resolved in the dSTORM image (Fig. 1, 
cand d). Single-molecule imaging of AF647 attached to blank 
coverslips demonstrated a spatial resolution (FWHM) of ~35 
nm, with a localization precision (ô) of 14.7 + 7.3 nm (n = 1649 
molecules from 6 experiments) (Fig. 1e). 

Next we examined the PALM approach with syntaxin1A, a 
membrane protein with a typical cluster structure (3), in the 
plasma membrane sheets of INS-1 cells. The PM sheet prepa- 
ration has the advantage of yielding structurally intact PM 
lawns with fewer cytoplasmic remnants (53, 64), and it avoids 
the minor contribution of a free cytosolic probe signal under 
whole-cell imaging as well as the detergent treatment, which 
can distort the native structure of the lipids in the PM (65). 
To perform syntaxinlA PALM imaging, we first generated 
PAmCherry1-syntaxinl1A-EGFP as a dual-color PALM probe. 
PAmCherry1 is a photoactivatable monomeric red FP (40) with 
high photoactivation efficiency and little photoblinking (60, 
66). EGFP was used to identify cells expressing PAmCherryl 
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FIGURE 1. Single-molecule superresolution imaging reveals fine structures of microtubules and syntaxin1A. a, TIRF image of microtubules in a large area 
of a COS-7 cell. b, superresolution image of the same area by dSTORM. c and d, enlarged views of the TIRF (c) and dSTORM images (d) of the boxed area in b. Note 
that the pixelation of microtubule structures under TIRF became clearly visible in STROM. e, histogram of the point localization precision of centroid positions. 
The localization uncertainty is determined as (o, + oy) /2 for each isolated Alexa Fluor 647 molecule, where o, and oy are the standard deviations of the 
centroid position in x and y dimensions. The localization uncertainty (a) is 14.73 + 7.29 nm (n = 1649 molecules). The inset represents the centroid positions 
of a single Alexa Fluor 647 molecule during 16 photoblinkings, where the brighter spot showed two localizations in the same site. f and g, TIRF (f) and 
superresolution (g) images of PAmCherry1-labeled syntaxin1A in an INS-1 cell PM sheet. h, enlarged views of the boxed area in f. i, histograms of PAmCherry1- 
syntaxin1A-EGFP cluster size (top panel; median size, 68 nm in FWHM) and molecule number per cluster (bottom panel; 20.48 + 6.68/cluster on average). Scale 


bars = 4 um (b), 400 nm (d), 40 nm (e), 3 um (g), and 500 nm (h). 


before PALM imaging, and this is critical to preserve the origi- 
nal number of PAmCherry1 for quantitative PALM. To avoid 
repeatedly counting the same molecules resulted from pho- 
toblinking ofa very small population (15%) of PAmCherry1 (60, 
66), the molecules detected in the same location in neighboring 
frames within 1.3 s were combined and fitted as a single-mole- 
cule emission event (60) (see “Materials and Methods”). This 
approach effectively accounts for overcounting to obtain quan- 
titative PALM images (60). In our case, this restriction only 
marginally decreased the total number of molecules detected in 
syntaxin clusters (data not shown). 

PALM imaging showed a cluster organization of syntaxinlA 
in the INS-1 PM (Fig. 1, f- h); it was similar to the TIRF image 
but with a much higher spatial resolution. Syntaxin1A clusters 
had variable sizes, with a median FWHM of ~68 nm (Fig. 1i), 
which is comparable with the size estimated in previous studies 
in PC-12 cells using STED (5), STORM (41, 67), and PALM 
(68). The molecular density in syntaxin1A clusters in the PM of 
INS-1 cells was 20.5 + 6.7 per cluster (n = 95 from 7 cells), 
equivalent to 41.0 + 13.4 per cluster after considering 50% pho- 
toactivation efficiency for PAmCherryl (66). This number is 
comparable with the previous estimation of syntaxinl A num- 
ber in each cluster (4, 5, 67), although this may be an underes- 
timate because of the presence of unlabeled endogenous 
syntaxinlA. 
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Uniform Nanoscale Landscape of PI(4,5)P, in the Major 
Areas of the PM from Fixed INS-1 Cells—After validating our 
superresolution imaging system, we generated and expressed 
iRFP-PAmCherry tagged PHp,; <5, domain (19), the PI(4,5)P, 
probe for PALM imaging in the INS-1 PM. iRFP (642-nm laser 
excitation) in this new probe was used to identify cells express- 
ing the probe but avoid activating PAmCherry1 before PALM 
acquisition. TIRF imaging of PI(4,5)P, revealed uniform PI(4, 
5)P, probe fluorescence over the major region of the flat PM 
(Fig. 2a) with modest fluorescence fluctuations. A similar result 
was observed in fixed whole-cell samples (data not shown). 
These results are consistent with the results reported for COS-7 
cells (22). More importantly, these results are comparable with 
the relatively uniform distribution of EGFP-PHp; <5, in live 
cells (see below), suggesting that PI(4,5)P, organization in PM 
sheets is well preserved under our experimental conditions. 

Accordingly, at the nanometer scale, PALM imaging uncov- 
ered a homogeneous appearance of PI(4,5)P. fluorescent bio- 
sensors in the majority of the flat PM regions (Fig. 2, b1 and c). 
Quantitative analysis further revealed a uniform distribution of 
PI(4,5)P, biosensors in these PM regions (Fig. 2i). This con- 
trasts the typical cluster distribution of syntaxin1A but is simi- 
lar to the simulated images or images obtained with a probe 
without the PH domain as negative controls (Fig. 2, e- h). More- 
over, we observed some slightly PI(4,5)P., enriched membrane 
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FIGURE 2. Homogeneous spatial distribution of PI(4,5)P, probes in the major region of the INS-1 cell PM at nanometer scale. a and b, TIRF and 
corresponding PALM image of the PM sheet from an INS-1 cell expressing iRFP-PAmCherry1-PH,¢5).07 and b2, enlarged views of the boxed regions in b. Arrows 
indicate sparsely distributed PM microdomains enriched with PI(4,5)P, probes in the flat PM (b1) and at the cell periphery (b2). c, cropped image corresponding 
to the boxed area in b1. d, histogram of PI(4,5)P, microdomain size in INS-1 membrane sheets (mean diameter, 383.3 + 14.3 nm). e and f, PALM images of 
iRFP-PAmCherry1 (without the PH domain) expressed in a COS-7 cell under PALM imaging. Each dot in the images represents one hypothetical iRFP-PAm- 
Cherry1 molecule, indicating its monomeric presence and negligible photoblinking. g and h, simulated images with randomly distributed points with the same 
density as inc. i, pair correlation analysis of PI(4,5)P, from large areas that contained no PI(4,5)P microdomains for iRFP-PAmCherry1-PHp, ¢5;,iRFP-PAmcherry1 
single-molecule control, simulation data, and syntaxin1A data. Syntaxin1A data were used as a positive control. iRFP-PAmcherry1 and simulation data were 
used as negative controls. Scale bars = 3 um (b), 500 nm (b1, b2, e, and g), and 200 nm (c, f, and h). 
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patches with diverse shapes and sizes (383.3 + 14.3 nm in diam- 
eter, n = 74 regions from 12 cells) (Fig. 2d). These microdo- 
mains were located randomly in the flat PM, cell periphery, and 
filopodium structures (arrows, Fig. 2, b1 and b2). PI(4,5)P, dis- 
tribution did not change with the expression levels of biosen- 
sors (data not shown). The homogenous organization of 
PI(4,5)P, probes at nanometer scale in the major areas of the 
PM was in agreement with the data observed under quick freez- 
ing electron microscopy (29, 69), despite their lower labeling 
efficiency. No dense nanoclusters of PI(4,5)P, probes were 
observed in INS-1 cells as in PC-12 cells (30). 

The excellent single-molecule photophysical properties of 
PAmCherry1 (40, 66) and the PALM method make it possible 
to estimate PI(4,5)P, probe density in the PM by direct molec- 
ular counting. PI(4,5)P, probe surface density in the flat region 
of INS-1 cells was 1694.6 + 319.6/jum? (n = 64 areas from 12 
cells) after considering 50% photoactivation efficiency of PAm- 
Cherry1 and 15% of PAmCherry1 blinking twice (66). PI(4,5)P, 
probe density in the PI(4,5)P, enriched membrane patches was 
5468.2 + 768.3/um? (n = 74 patches form 12 cells), which is 
only ~3-fold higher than that in uniform regions. To our 
knowledge, this is the first estimation of molecular density of 
PI(4,5)P probes in the PM using direct molecule counting. 
According to the 1:1 stoichiometry and 2 um K, of PHp;.cs; to 
PI(4,5)P, (19, 70), our measurements set a low-end estimate of 
PI(4,5)P., density in the PM. Given the stochastic nature of pho- 
toactivation, these data suggest a rather limited P1I(4,5)P., con- 
centration gradient in the PM of native cells. 

As a negative control of the PI(4,5)P, PALM probes, we 
expressed ikRFP-PAmCherry1 (without the PH,, <5, domain) at 
a very low level in COS-7 cells using a deltaCMV promoter (3). 
As expected, these probes were isolated diffusely in the cytosol 
and showed a typical monomeric presence with little pho- 
toblinking or molecular clustering (Fig. 2, e and f). These 
results are comparable with the simulated images (Fig. 2, gand 
h) in which molecules were placed randomly with the same 
density. Coexpression of the iRFP-PAmCherryl-PHp,¢51 
probe with oculocerebrorenal syndrome of Lowe (OCRL) 
5-phosphotase domain dramatically decreased probe fluores- 
cence in the PM both under TIRF and PALM, but did not 
change the PI(4,5)P. distribution pattern (data not shown). We 
conclude that the new PI(4,5)P, PALM probe developed here 
preserves the original photophysical and biochemical proper- 
ties of PAmCherry1 (40, 60, 66) and the specific P1(4,5)P., bind- 
ing property of PHp; cs, in a cellular environment. 

Superresolution Images of PI(4,5)P, in the Fixed PM Is Sensi- 
tive to Photoblinking and Sample Fixation Conditions—It is 
noteworthy that photoblinking, a general photophysical prop- 
erty of most fluorescent probes, may introduce a false molecule 
clustering appearance during point localization superresolu- 
tion imaging (59, 71) because of repeatedly counting the same 
set of blinking molecules. This phenomenon was confirmed in 
our initial efforts to image P1(4,5)P., with a specific PI(4,5)P, 
antibody and an AF647-conjugated secondary antibody that 
shows significant photoblinking (14 and 26 cycles, on average, 
under cysteamine and B-mercaptoethanol conditions, respec- 
tively) (72)). Superresolution imaging with AF647 in the PM of 
INS-1 cells generated an abundant dense cluster appearance 
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(Fig. 3, a—c), an artifact caused by overcounting of single mol- 
ecule blinking of AF647, as demonstrated by single molecular 
imaging on blank coverslips (Fig. 3, d and e). Compared with 
AF647, mEos3.1 is a bright, monomeric FP (42) and has much 
fewer photoblinking cycles (2.4 times on average) in ~50% of 
mEos3.1 molecules (66). mEos3.1-tagged PI(4,5)P, probes 
expressed in INS-1 cells produced superresolution images with 
much fewer dense clusters and a much lower point density in 
individual clusters (Fig. 3, f- A). Direct single-molecule imaging 
of mEos3.1 alone at low expression levels in COS-7 cells dem- 
onstrated a low level of clusters, suggesting the presence of 
minor photoblinking for mEos3 (Fig. 3, i and j). PAmCherryl 
exhibited almost negligible levels of photoblinking and excel- 
lent monomeric properties in a cellular environment (66). 
When this probe was used for quantitative PALM imaging, as 
expected, the cluster appearance of the superresolution images 
almost disappeared (Fig. 2, e and fj. These data suggest that 
single molecular superresolution imaging is prone to generat- 
ing false fluorescence clusters because of photoblinking. 

Because the PI(4,5)P., distribution patterns reported in the 
literature are quite variable, from uniform distribution (20- 
22) to large patches (23, 24) to dense puncta (24-27, 30), 
depending on cell type and experimental conditions, we won- 
dered whether these discrepancies resulted from different 
experimental conditions. After comparing the conditions used 
commonly in immunocytochemistry, we found that both fixa- 
tion temperature and fixative composition significantly af- 
fected PI(4,5)P, distribution in INS-1 cells. The difference was 
already clearly visible in conventional TIRFM (Fig. 3, k and n). 
When the PM was fixed with 4% PFA at room temperature or at 
37 °C, we observed abundant small dense clusters in the PM 
(Fig. 3, k, n, and q). STORM revealed abundant clusters with a 
size of 53.2 + 2.0 nm (FWHM, n = 1308 puncta from 9 cells) at 
room temperature and 61.6 + 3.4 nm (n = 1317 puncta from 8 
cells) at 37 °C (Fig. 3, m and p). When samples were processed 
with 4% PFA + 0.2% glutaraldehyde at 4°C, we observed a 
relatively uniform and enhanced TIRF fluorescent image of 
PI(4,5)P. in the PM sheets (Fig. 3, a and q), a picture that mim- 
icked those observed in live cells. Further dSTORM imaging 
revealed a high fluorescent cluster density because of repetitive 
photoblinking of AF647 molecules (Fig. 3e). Therefore, com- 
mon sample processing conditions in immunocytochemistry 
can strongly disrupt PI(4,5)P., patterns and compromise biolog- 
ical interpretation of the data, consistent with another study 
(22). We reasoned that experimental conditions that better pre- 
serve PI(4,5)P, distribution in live cells should be used for ino- 
sitol lipid imaging studies. In addition, other factors, such as 
detergent treatment (29, 73), antibody-induced cross-linking 
(29), and insufficient lipid fixing (73, 74), may also introduce 
artifacts and distort phosphoinositol lipid imaging at the nano- 
meter scale. 

Homogeneous Spatial Organization of PI(4,5)P., in the Large 
Areas of the PM in Live Cells—To extend our conclusion from 
fixed samples to live cells, we performed PI(4,5)P., superresolu- 
tion imaging in live INS-1 cells. We first visualized syntaxin1A- 
mEos3.2 using live-cell PALM imaging to validate the approach 
(as positive controls). We chose mEos3 instead of PAmCherry1 
as the PALM probe in live cells because of its better photon 


SASBMB 


VOLUME 290+ NUMBER 45 > NOVEMBER 6, 2015 


SIOZ ‘91 Jaquiaseq uo SYJ ‘skydorg sug æ /S.10°0q/ MMmy/:dyYy Woy popeojumoq 


Nanoscale Landscape of Phosphoinositides in the PM 


Single molecule Ctrl 


PI(4,5)P, antibody 
RT fix w/ 4% PFA 


mEOS3.1-PH,, -«, 


4% PFA+0.2%GA 37°C fix w/ 4%PFA 


FIGURE 3. PI(4,5)P, spatial organization in the fixed PM is sensitive to probe blinking and sample fixation conditions. a, TIRF and a corresponding 
superresolution image of the INS-1 cell membrane sheet immunostained with a monoclonal PI(4,5)P, antibody and a secondary antibody labeled with Alexa 
Fluor 647. The samples were fixed with 4% PFA + 0.2% glutaraldehyde at 4 °C. b, cropped image corresponding to the box in a. c, enlarged image of the boxed 
region in b. Note the cluster structure in b and c caused by photoblinking. d and e, superresolution images of Alexa Fluor 647 molecules on a blank coverslip as 
a control of Alexa Fluor 647 single-molecule photobehavior. Note the fluorescence cluster artifact caused by Alexa Fluor 647 photoblinking in e. fh, similar to 
a-cbut using INS-1 cells expressed with mEos3.1-PHp,¢5;./, superresolution image of mEos3.1 expressed at isolated single-molecule levels in a COS-7 cell using 
the deltaCMV promoter. Note the cluster structure of the mEos3 molecule caused by moderate photoblinking. k, TIRF image of an INS-1 membrane sheet fixed 
at room temperature and immunostained by a monoclonal PI(4,5)P, antibody and AF647-conjugated secondary antibody. Note the abundant dense puncta 
visible under TIRF that were rarely observed in live cells. |, STORM superresolution image of PI(4,5)P, in k. m, enlarged TIRF and dSTORM images in the boxed 
area in l. n-p, similar to k-m, but, with fixation at 37 °C, Pl(4,5)P, dense cluster artifacts were observed similarly. q-s, similar to k-m but fixed at 4 °C with 0.2% 
glutaraldehyde in addition to 4% PFA. The display contrast in q was different compared with other TIRF images to avoid saturation. Note the relative even 
fluorescence image and the enhanced fluorescence intensity under TIRF in q-s. Scale bars = 3 um (a, f, i, o, and r), 500 nm (b, d, g, i,m, p, and s), and 200 nm (c, 


e, h, and j). 


efficiency, brightness, and monomeric properties (42) despite a 
low level of photoblinking. Consistent with previous studies in 
PC-12 cells (3), syntaxin1A showed typical cluster structures in 
live-cell TIRFM under physiological conditions (35 °C, Fig. 4a). 
We next visualized syntaxin1A structure and dynamics under 
live-cell PALM (100-Hz acquisition) with 10-s time resolution. 
As in fixed cells, syntaxinl1A showed a typical cluster organiza- 
tion under live-cell PALM (Fig. 4, b-d, and supplemental 
Movie 1). The size of syntaxinlA clusters was in the upper 
range of that in fixed cells, reflecting dynamic movement of 
syntaxin1A in live cells during the 10 s of image acquisition. 
Although most syntaxin1A clusters changed their locations and 
shapes rapidly, some clusters remained static, disappeared, or 
emerged during imaging (Fig. 4, c—/). 

Next we visualized PI(4,5)P, spatial organization with PALM 
in live cells expressing mEos3.1-PH);¢5,. In contrast to 
syntaxin1A clusters (Fig. 4a), TIRFM demonstrated a uniform 
fluorescence signal of mEos3.1-PH),; <5, in live cells (Fig. 4g). 
Because the PH domains are largely concentrated on the PM 
because of PI(4,5)P, binding and TIRF illumination only acti- 
vates <100 nm of space above the PM, the dominant signal was 
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from the PI(4,5)P, in the inner leaflet of the PM. This was sup- 
ported further by similar results obtained in the PM sheets, which 
contained no cytosolic and unbound fluorescence probes (data not 
shown). PALM imaging showed homogeneous fluorescence with 
a marginal fluorescence difference ina large area of the PM, and we 
were unable to detect any prominent dense PI(4,5)P, clusters (Fig. 
4, gj). Consistent with fixed cells, we observed slight PI(4,5)P, 
enrichment in microdomains with diverse sizes (~200—500 nm) 
in the flat PM regions and filopodium-like membrane protrusions. 
Continuous PALM imaging revealed dynamic changes of 
PI(4,5)P, probes (Fig. 4, h and i, insets). Fig. 4k shows significant 
fluorescence changes over time in local (500-nm diameter circles) 
but not broad regions of the PM at rest, and these changes were 
faster (Fig. 4, h and i) than syntaxin1A. Upon 60 mm K* stimula- 
tion, PI(4,5)P. levels were reduced significantly globally (data not 
shown), consistent with TIRF imaging (Fig. 6). However, the over- 
all spatial pattern of PI(4,5)P., at nanoscale remained similar to that 
in fixed PM sheets (Fig. 4/). 

The PI(4,5)P, probe-enriched regions in live-cell PALM 
images may reflect active local lipid metabolism resulting from 
diverse signaling processes in live cells. The rapid fluoresce 
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FIGURE 4. Live-cell PALM imaging revealed homogeneous spatial distribution and fast dynamics of PI(4,5)P, in INS-1 cells. a and b, TIRF and superreso- 
lution images of mEos3.2-labeled syntaxin1A in an INS-1 cell at 35 °C. c-e, enlarged images of the white box regions in b at 0 and 30s. d, the intensity profile of 
the syntaxin1A cluster as indicated by the white line in c. e and f, the pseudocolor image of c (green) merged on e (red, f). Arrows indicate the generation, 
disappearance, and movement of syntaxin1A clusters during 30 s of imaging. g, TIRF image of PI(4,5)P, in a live INS-1 cell expressed with mEos3.1-PHp,¢5;. The 
image was acquired rapidly using the green channel before PALM imaging (35 °C). h and i, sequential live-cell PALM images visualized at 10-s intervals. The 
insets show the intensity profiles of the local PI(4,5)P, density along the same straight line 1 position indicated at different times. Note the completely different 
intensity profile changes in 10s. j, live PALM image of the same cell 30 s after 60 mm K* stimulation. k, time course of the average intensity of PI(4,5)P. in the large 
area (box 2 in h, 3 X 3 wm) and small circles (circle 3, 4, and 5, 500-nm diameter) in h during 5 min of PALM imaging with an interval of 10 s. Note the rapid 
intensity fluctuations of local PI(4,5)P probe changes (circle 3, 4,and 5) compared with very small changes in the relatively broad area (box 2). I, enlarged PALM 
images of the box 2 region in h at the indicated times. Arrows indicate PI(4,5)P,-enriched membrane patches under physiological conditions. Scale bars = 3 um 
(b and j) and 500 nm (fand /). 
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FIGURE 5. PI4P and PI(3,4,5)P, show a relatively uniform distribution in the INS-1 PM. a, illustration of phosphoinositide metabolic pathways on the PM. 
b and c, TIRF and PALM images of P14P on the PM sheet of an INS-1 cell expressed with iRFP-PAmCherry1-PH,,),.d7 and d2, enlarged images of the boxed regions 
in c. Note the relatively homogenous distribution of probes in the large area of the PM (d1). Arrows indicate a few P14P-enriched patches (d2). e and f, TIRF and 
PALM image of PI(3,4,5)P; labeled by the expressed iRFP-PAmCherry1-PHe¢pp;. g1 and g2, enlarged images of the boxed areas in f. Note that the surface 
abundance of the probes was significantly lower (f- g2). The enlarged views show sparsely distributed PI(3,4,5)P, probes (g1) and, occasionally, PI(3,4,5)P3- 
enriched zones (arrows, g2) in the INS-1 PM. Scale bars = 3 um (c and f) and 500 nm (d and g). 


changes indicate a fast redistribution of PI(4,5)P, probes 
because of local PI(4,5)P, dynamics. For example, PI(4,5)P. was 
more dynamic within thin membrane protrusions at the cell 
periphery (supplemental Movie 2). The tightly compartmental- 
ized volume in these small structures limits the rapid diffusion 
of locally generated PI(4,5)P, and promotes a higher local 
PI(4,5)P. probe gradient. This is consistent with the high rate of 
actin turnover, which requires active PI(4,5)P, interactions 
(75). The interpretation of live-cell PALM imaging requires 
extra caution because it is more complex than fixed cells due to 
multiple new factors, such as fast local PI(4,5)P, dynamics, 
probe binding/unbinding, and diffusion in live cells. Our con- 
trol experiments confirmed that the dominant signal in live-cell 
PALM is from the PI(4,5)P,-bound probes in the PM (data not 
shown). The consistent nanoscale pattern between live-cell 
PALM and the fixed PM sheet suggests a homogeneous distri- 
bution of PI(4,5)P, with shallow PI(4,5)P, gradients. If the 
highly concentrated P1(4,5)P, nanoclusters were present in live 
cells, then one would expect to see brighter fluorescence spots 
with much steeper fluorescence gradients, as we observed for 
syntaxin1A. However, that did not occur in INS-1 cells. 
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PI4P and PI(3,4,5)P. Nanoscale Organization in the Fixed 
Cell Membrane—PI4P, P1(4,5)P5, and PI(3,4,5)P, are tightly 
interconnected inositol lipids in live cells (Fig. 5a). PI4P serves 
as one of the identity molecules of the PM (12, 13) in addition to 
its well known role as a metabolic precursor of PI(4,5)P,. 
PI(4,5)P. can be further converted into PI(3,4,5)P, to regulate 
actin dynamics (14), exocytosis (76), and AMPA receptor clus- 
tering (77). 

To examine the nanoscale distribution of these inositol lipids 
in the PM, we generated photo-activatible probes similarly by 
tagging iRFP-PAmCherry1 to the PH,,,,. domain (12), which 
specifically binds PI4P, and to the PHgrpı domain (78), which 
specifically binds to P1(3,4,5)P;. TIRF imaging of EGFP-PH,,,,5 
showed a similar uniform spatial distribution in the PM (Fig. 
5b) as EGFP-PH), ¢51, but it had a lower intensity than EGFP- 
PHprcsı. This was further confirmed by EGFP-PHogpp, 
another fluorescent probe that binds PI4P (12, 79). In addition, 
the prominent intracellular organelle distribution (in the nu- 
cleus and endoplasmic reticulum) was also observed in INS-1 
cells using EGFP-PHosgp consistent with previous studies (12, 
79). It has been shown that PH,,,,. also binds PI(4,5)P, in vitro 
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(80), but a subsequent study has demonstrated a fairly specific 
binding of PI4P in the cells (11). This is also consistent with the 
different response of PI4P compared with PI(4,5)P, in live cells 
(Fig. 6). Under PALM imaging, iRFP-PAmCherry1-PHosu2 
had an overall similar pattern as PI(4,5)P, in the PM (Fig. 5c). 
PI4P was relatively homogeneous in the major PM area (Fig. 5, 
d1), accompanied by some PI4P-enriched membrane microdo- 
mains (Fig. 5, d2). Quantitative PALM imaging revealed an 
average density of 743.4 + 114.89/m? (n = 54 areas from 13 
cells) for PI4P probes in the PM of INS-1 cells. 

In contrast, the fluorescence signal for PI(3,4,5)P, detected 
by iRFP-PAmCherry1-PH pp, (78) was much weaker than that 
of both PI4P and PI(4,5)P, in the PM under TIRF imaging. It 
exhibited a punctate appearance that looked like weak PI(3, 
4,5)P. clusters because of the very low abundance and light 
diffraction of fluorescence probes (Fig. 5e). PALM imaging 
showed homogeneous, sparse molecules in the large regions of 
the PM (Fig. 5f). Most of these puncta, under TIRFM, contained 
only a few sparsely distributed P1(3,4,5)P., probes slightly closer 
than their surrounding molecules (Fig. 5, g1). Accordingly, 
image simulation with randomly distributed molecules at the 
same density (data not shown) can generate a punctate appear- 
ance that is very similar to the data in PI(3,4,5)P, images. This 
suggests a sparse but uniform nanoscale distribution of PI(3, 
4,5)P. in the majority of PM regions. Quantitative PALM anal- 
ysis in these regions gave a PI(3,4,5)P., probe density of 406.2 + 
236.8/ um? (n = 64 areas from 10 cells), which was much lower 
than that of PI(4,5)P, and PI4P. In addition, we indeed 
observed a few fluorescent spots under TIRFM, and they 
turned out to be loose membrane microdomains relatively 
enriched in PI(3,4,5)P probes in PALM images (~200 -500 nm 
in diameter; Fig. 5, g2), presumably reflecting ongoing 
PI(3,4,5)P,-mediated signaling (14, 15). For both PI4P and 
PI(3,4,5)P.,, the probe expression levels had little effect on their 
uniform nanoscale distribution patterns (data not shown), 
although the PI1(3,4,5)P, fluorescence signal appeared to be 
more heterogeneous at low expression levels under TIRF 
because of fluorescence light diffraction. 

Physiological Dynamics of PI4P, PI(4,5)P „ and PI(3,4,5)P; in 
Live Cells—We next visualized the molecular dynamics of PI4P, 
PI(4,5)P.,, and PI(3,4,5)P, in INS-1 cells in response to high 
concentrations of glucose, a physiological stimulation to trigger 
insulin secretion, and direct membrane depolarization with 
high-K* solution. PI(4,5)P, in live cells mainly localized on the 
PM, as evidenced by a “ring” shape of EGFP-PHp; <5, on the 
PM, with only faint and diffuse fluorescence in the cytosol 
under confocal microscopy (Fig. 6a). 28 mm glucose evoked a 
very small (only a few percent) but significant increase of EGFP- 
PHpıcs1 intensity under TIRFM, and this response was oppo- 
site to the changes induced by 60 mm KC] depolarization (Fig. 6, 
band c), in agreement with the previous study (81). 

The PI4P probe EGFP-PH cpp was distributed on the PM 
and some intracellular organelles (i.e. Golgi and endoplasmic 
reticulum) in INS-1 cells (Fig. 6d), consistent with previous 
studies (12, 79). We used very narrow TIRF illumination to 
avoid minor signal contamination from intracellular fluores- 
cence. Glucose induced an oscillatory increase in PHogpp- 
EGFP intensity (Fig. 6e), presumably mediated by PI4K activa- 
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FIGURE 6. Dynamic changes of phosphoinositides in live cells in response 
to physiological stimulation at 35 °C. a, confocal (top panel) and TIRF (bot- 
tom panel) images of PI(4,5)P, visualized with EGFP-PH,,¢;5, in INS-1 cells. 
Note the prominent PM localization of EGFP-PH,, ¢5;. b, small but significant 
increase in EGFP-PH,, <5; fluorescence detected by TIRF after 28 mm glucose 
stimulation (n = 21 cells). c, the same as b but stimulated with 60 mm KCl (n = 
14).d, confocal and TIRF images of PI4P visualized by EGFP-PHosgp on an INS-1 
cell. Note the prominent fluorescence in intracellular organelles of the INS- 
1 cell. e, PI4P oscillations induced by 28 mm glucose ina single INS-1 cell (4 of 
24 cells). fand g, diverse PI4P concentration changes after 60 mm KCI stimu- 
lation in individual INS-1 cells. The majority of cells showed significant 
increases in PI4P levels on the PM (f, 24 of 31 cells), but some cells showed 
decreases (g, 6 of 31 cells), indicating complex PI4P metabolism among dif- 
ferent INS-1 cells. h, confocal and TIRF images of mCherry-PH¢pp;-labeled 
PI(3,4,5)P on an INS-1 cell PM. i, average responses of PI(3,4,5)P; after 28 mm 
glucose (n = 12 cells) and 60 mm KCI stimulation (j, n = 10). For each condi- 
tion, the baseline and the relative changes of upward/downward peaks were 
analyzed statistically and compared. *, p < 0.05; **, p < 0.01; ***, p < 0.005. 
Scale bars = 5 um. 


tion. 60 mm KCl-evoked EGFP-PHogpp changes varied greatly 
from cell to cell. The majority of cells (24 of 31 cells) exhibited 
fluorescence intensity increases, but some cells showed de- 
creases (Fig. 6, fand g). This indicates the complex interactions 
and balancing of diverse signaling and metabolic pathways, and 
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it is consistent with the independent cellular function of PI4P in 
addition to its role as a PI(4,5)P., metabolic precursor (13, 81). 

In contrast to PI4P and PI(4,5)P,, the PI(3,4,5)P, probe 
mCherry-PHepp, (82) displayed abundant cytosolic fluores- 
cence and a prominent nuclear signal, indicating an extremely 
low number of PI(3,4,5)P, in the PM of live INS-1 cells. TIRF 
imaging of mCherry-PHgpp, on the PM may be significantly 
compromised by cytosolic fluorescence signals, even with TIRF 
illumination. However, the relative structural changes should 
still represent the PM mCherry-PH pp, alteration because of 
the PM localization of signaling receptors that generate 
PI(3,4,5)P. We also further narrowed the illumination angle to 
minimize the penetration depth of the evanescent wave during 
imaging. Under both 28 mm glucose and 60 mm KCl, TIRFM 
revealed a significant increase in PI(3,4,5)P, in the PM (Fig. 6, 
h-j), suggesting PI3K activation through insulin autoreceptors 
(83) following insulin secretion induced by glucose or KCI. 
Importantly, we observed no PI(3,4,5)P, steep gradients in 
either TIRF or PALM imaging in live INS-1 cells. This was also 
true under direct insulin (100 nm) stimulation to achieve stron- 
ger P1(3,4,5)P., changes (data not shown). 

We conclude that fluorescent probes on the basis of specific 
PH domains used in this study faithfully reflected the subcellu- 
lar location and molecular behaviors of specific inositol lipids in 
vivo. Moreover, in live cells, PI4P, PI(4,5)P. and PI(3,4,5)P. are 
dynamically interconnected under physiological conditions 
and equilibrate rapidly through multiple metabolic pathways 
and/or signaling networks in response to diverse physiological 
stimulation. 


Discussion 


Phosphoinositol lipids are key signaling components in the 
PM, but their spatial organization at the nanometer scale 
remains poorly understood. We employed a novel single-mol- 
ecule superresolution approach and dual-color biosensors to 
examine this issue. Surprisingly, PALM imaging revealed a rel- 
atively homogeneous spatial distribution pattern of P1I(4,5)P, 
probes in the majority of PMs in both fixed and live INS-1 cells, 
and sparse PI(4,5)P,-enriched membrane patches/domains 
were also observed. PI4P and PI(3,4,5)P, displayed a very simi- 
lar organization pattern as PI(4,5)P, in INS-1 cells, but PI(3, 
4,5)P, is much less abundant than the other two lipids. These 
data reveal the detailed nanoscale landscape of key phosphoi- 
nositol lipids in native cell PM, providing a framework for 
rethinking local cellular signaling and lipid-protein interactions 
at a nanometer scale. 

Nanoscale Organization of PI(4,5)P, in the PM—The PM 
sheets used in this study bypass detergent treatment, which can 
cause clustering of PM molecules and non-preexisting domains 
(65). It also avoids the contamination of the cytosolic signal 
when the lipid abundance in the PM is low (i.e. PI(3,4,5)P5). 
These PM sheets preserve the intact fine structures of the PM 
and the associated proteins, such as cortical actin meshwork, 
vesicle tethers, and clathrin-coated pits (53, 64). A recent study 
has demonstrated abundant, dense PI(4,5)P, clusters (~73 nm 
in average) using STED imaging of PH), ¢5,-citrine and 
PI(4,5)P., antibody in the PM sheets of PC12 cells (30). We 
wondered whether the dense clusters are general structures of 
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PI(4,5)P, in live cells, including the INS-1 cells in which we are 
interested. We first validated and characterized our superreso- 
lution imaging system using syntaxinlA, and we observed 
densely packed syntaxin1A clusters in the INS-1 PM, as re- 
ported in previous studies (4, 5). Unexpectedly, our data using 
PH domain PALM probes revealed an even nanoscale organi- 
zation of PI(4,5)P., in the major region of the INS-1 cell PM, in 
addition to some sparse and large P1(4,5)P,-enriched mem- 
brane patches or domains (383 + 14 nm in diameter) with shal- 
low concentration gradients. No dense PI(4,5)P. nanoclusters 
or steep concentration gradients were present in the INS-1 cell 
PM. 

This result is consistent with a recent freezing-fracture EM 
study using a GST-PH); <5, probe in the open fibroblast mem- 
brane (69), where randomly distributed PI(4,5)P. is observed in 
large areas of the PM. The diverse sizes of PI(4,5)P,-rich mem- 
brane patches/domains in INS-1 cells are comparable with the 
relatively higher-concentration PI(4,5)P, regions (with a diam- 
eter of 60~400 nm) in that study that contained caveolae and 
clathrin-coated pits, indicating functionally specialized mem- 
brane regions for PI(4,5)P., such as clathrin-coated pits, exocy- 
tosis, membrane protrusions, or adhesion sites. Likewise, 
another rapid freezing EM study, using ultrathin sections of 
HEK293 cells expressing tandem PH); <5, domains (GFP-PH- 
PH) and anti-GFP antibody, has also demonstrated an even 
distribution of PI(4,5)P, in the PM (29). 

Functional Implications of the Nanoscale Distribution of 
PI(4,5)P. in Live Cells—As the major PM identity lipids (12, 13), 
both PI4P and PI(4,5)P, concentrations should be relatively 
constant under physiological conditions. In supporting this 
idea, 28 mM glucose stimulation evoked only small (less than a 
few percent) concentration changes of P1(4,5)P. in the PM (Fig. 
6), although this glucose concentration is sufficiently high to 
trigger massive insulin secretion in vivo. With continuous 
membrane depolarization induced by 60 mm KCI, the changes 
were still very limited (<10% for PI(4,5)P.). Even after severe 
interruptions of major PI(4,5)P, metabolic enzymes such as 
synaptojanin (84) and PIP kinase type ly (PIPK1y) (85), 
PI(4,5)P. changes in neurons were still less than 50% of control 
levels. The global stability of P1(4,5)P., suggests that a sufficient 
number of free PI(4,5)P.,, probably also PI4P, in the PM is read- 
ily available to rapidly initiate relevant signaling in live cells. It is 
likely that PI(4,5)P, functions as a critical cofactor (or permis- 
sion factor) with other proteins to regulate multiple cellular 
processes. The local availability of P1(4,5)P. effector proteins, 
rather than PI(4,5)P, itself, can offer both specificity and effi- 
ciency of signaling in space and time. This is consistent with the 
idea of coincidence detection for PI(4,5)P, (16, 86). Therefore, 
densely packed nanodomains of PI(4,5)P. appear to be unnec- 
essary, although their transient presence and function in facil- 
itating or maintaining the efficiency of some local signaling 
cannot be excluded. Furthermore, the PI(4,5)P, diffusion coef- 
ficient in the PM inner leaflet was fast in live cells. It was esti- 
mated to be ~1 um?/s by fluorescence correlation spectros- 
copy using BODIPY-TMR-PI(4,5)P., in J774A-1 macrophages 
(87) and ~0.3-1 um?/s by fluorescence recovery after photo- 
bleaching (FRAP) techniques (88, 89). This rapid diffusion 
poses another challenge to producing and maintaining the 
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densely packed functional inositol lipid clusters in live cells. 
The facts of its high abundance and fast dynamics in the PM 
indicate a limited need for cells to maintain highly localized, 
steep PI(4,5)P. gradients. 

The shallow PI(4,5)P, gradient regions observed under 
PALM may reflect certain functional zones where a relatively 
higher concentration of PI(4,5)P. is preferred, such as clathrin- 
coated pits (69) and active actin-remodeling areas (supplemen- 
tal Movie 2). Quantitative analysis demonstrated that the dif- 
ference in PI(4,5)P., probe density between the uniform regions 
and the PI(4,5)P,-enriched zones is only ~3-fold, suggesting 
that shallow local concentration gradients may be sufficient to 
fine-tune diverse local signaling. Much less effort is required for 
cells to generate and remove such marginal concentration gra- 
dients in the PM than the dense nanodomains, and cells most 
likely use this more economical and flexible way to help effector 
proteins for local signaling. A few different mechanisms may be 
sufficient to locally enrich PI(4,5)P, in live cells, including local 
recruitment of relevant kinases and phosphatases (12), 
restricted lateral diffusion by septin- (90), and actin-based (53) 
membrane “fence,” and local reversible sequestration by con- 
centrated PI(4,5)P. binding proteins. 

Methodological Considerations for Studying Phosphoinositol 
Lipids in the PM—The single-molecule superresolution ap- 
proach used in this study opens a new avenue to study phos- 
phoinositol lipids and other macromolecular complexes in the 
PM. It has the following advantages. First, it provides nanoscale 
images (up to ~35-nm resolution) using light microscopy and, 
therefore, avoids common caveats relevant to conventional 
EM, such as harsh sample processing and low labeling effi- 
ciency or specificity. Second, it can be applied directly to live 
cells (Fig. 4), and both fine structures and the dynamics of mol- 
ecule complexes can be imaged under physiological conditions. 
Third, PALM imaging, combined with proper fluorescent 
probes and analysis, offers a new way to quantitatively deter- 
mine molecule concentration/density at nanometer scale by 
direct molecule counting. Using PAmCherry1, whose single 
molecular photophysics have been well characterized in detail 
(40, 60, 66), we estimated that PI4P, PI(4,5)P., and P1(3,4,5)P, 
probe densities in the PM are ~743, ~1695, and ~406/ um?, 
respectively. Live-cell TIRF imaging with different PH domains 
(Fig. 6) supports that these PH domain-based probes faithfully 
reflect the dynamic behaviors of inositol lipids in live cells. 
However, although they have been widely applied in inositol 
lipid studies in different cells, we cannot exclude the possibility 
that PH domains may not be able to efficiently access all phos- 
phoinositides (i.e. those phosphoinositides bound by some 
sequestering proteins) in the PM because of space constraints. 

Our experiments in INS-1 cells demonstrate that the fixation 
at low temperature (4 °C) with 4% PFA + 0.2% glutaraldehyde 
preserves PI(4,5)P. spatial distribution in the PM sheet as in live 
cells, but the other conditions tested cause artificially dense 
PI(4,5)P, clusters/puncta to different extents (Fig. 3). The vari- 
able experimental conditions may, at least in part, explain the 
diverse results in the literature regarding PI(4,5)P, cellular dis- 
tribution patterns. 

It is noteworthy that the single-molecule superresolution 
approach may be compromised by various factors, such as label 
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density, photo activation efficiency, and photoblinking of 
probes (44, 59, 60). Incomplete photoactivation causes an 
underestimate of molecule density, and overcounting leads to 
false molecule clusters (59, 71) (Fig. 3). Our data demonstrate 
that the extent of cluster appearance of individual molecules is 
correlated positively with the degree of photoblinking of fluo- 
rophores (AF647 => mEos3.1 > PAmCherry1) (Fig. 3), which is 
problematic for molecule counting. To overcome this problem, 
we chose PAmCherry1 for quantitative PALM in fixed cells 
because of its almost negligible photoblinking and well defined 
single-molecule photophysical properties (40, 60, 66). Live-cell 
PALM is technically more challenging because of dynamic 
changes of live cells and a few other factors. Further develop- 
ment of the quantitative superresolution approach in live cell is 
obviously required. 

In summary, our results unequivocally demonstrate the 
largely uniform nanoscale landscape of PI4P, PI(4,5)P,, and 
PI(3,4,5)P. in the INS-1 cell PM, with limited spatial heteroge- 
neity in some PM regions. The quantitative data revealed much 
shallower concentration gradients than thought previously for 
these PIs in the PM. This study suggests a different model of 
spatial organization of phosphoinositol lipids in the PM at the 
nanometer scale and implies an important framework to better 
understand the cellular signaling events of phosphoinositol lip- 
ids in a live cell membrane. 
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